Abstract. Some physiological and biochemical properties of melting flesh (MF) and nonmelting flesh (NMF) peaches [Prunus persica (L.) Batsch] were determined during ripening for 5 days at 20 8C. Respiration rates and ethylene production of MF 'Flordaprince', MF 'TropicBeauty', NMF 'UFSun', and NMF 'Gulfking' were measured at different harvest skin ground color-based maturity stages. The MF cultivars at harvest were mostly preclimacteric or at the onset of ripening. The NMF cultivars generally had higher ethylene production at harvest and throughout ripening than the MF cultivars; thus, the NMF fruit had started ripening on the tree before harvest. Some of the NMF fruit harvested at more advanced stages quickly became postclimacteric during the storage period. Quality determination after fruit ripening showed that MF 'TropicBeauty' had the highest soluble solids content (SSC), but also the highest titratable acidity (TA). The NMF cultivars had lower TA than the MF cultivars. NMF 'Gulfking' consistently had high SSC/TA, which was the result of it having the lowest TA. The NMF cultivars retained firmer texture than the MF cultivars during ripening. The flesh firmness of the NMF cultivars was four to five times greater than that of the MF cultivars. To investigate the reason for this significant textural difference, the activities of the cell wall modification enzymes pectin methylesterase (PME) and polygalacturonase (PG) were quantified in all four cultivars at advanced ripeness stages. PME activity appeared to be more directly related with peach fruit softening than PG activity.
Melting and NMF are two main phenotypes of peach fruit and are characterized by different softening patterns in the final stage of ripening. MF cultivars carry the dominant, wild-type allele of the (M) locus that controls flesh firmness, whereas NMF cultivars possess a mutant, homozygous recessive (mm) allele (Peace et al., 2005) . MF peaches become extremely soft (i.e., ''melting'') quickly after ripening is triggered. Thus, they need to be harvested unripe, at a ''"firm-mature'' stage, to minimize mechanical injuries, but consequently have considerably lower eating quality than tree-ripened fruit (Cascales et al., 2005; Delwiche and Baumgardner, 1983; Williamson and Sargent, 1999) . NMF peaches lose firmness slowly and remain firmer even at full ripeness; thus, they should be ideal for fresh consumption because harvesting can be delayed until fruit reach a more advanced stage of ripeness.
The initiation of peach fruit ripening is accompanied by a climacteric surge of respiration and ethylene production and the peaks of both can occur simultaneously (Amoros et al., 1989; Ferrer et al., 2005) . MF fruit are typically harvested at the preclimacteric stage. NMF peaches can be harvested when autocatalytic ethylene production and ripening have already begun, but the ideal harvest maturity and the quality of NMF fruit have not been extensively studied. SSC is one of the most commonly used quality indicators for peaches. SSC in ripe peaches was reported to have a high correlation with perceived sweetness (Crisosto et al., 2006) . Consumer acceptance was found to increase constantly as SSC increased . TA also plays an important role in consumer acceptance of peaches because it was found to correlate strongly with perception of sourness (Crisosto et al., 2006) . TA gradually decreases as ripening progresses (Bakshi and Masoodi, 2009; Kwon et al., 2007; Moing et al., 1998) , whereas SSC changes little (Robertson et al., 1991 (Robertson et al., , 1992 . Interaction between SSC and TA may also affect consumer acceptance of peaches and plums Crisosto et al., 2004) . For example, peaches with TA greater than 0.80 and SSC less than 10% were perceived by consumers to be of low quality Robertson et al., 1990) .
Textural changes during peach fruit ripening are achieved by the concerted action of several cell wall modification enzymes (Brummell et al., 2004; Hadfield and Bennett, 1998) . Endo-polygalacturonase [endo-PG; electrical conductivity (EC) 3.2.1.15] mRNA is highly expressed after the initiation of climacteric ethylene and the increased activity is accompanied by a conversion of waterinsoluble to water-soluble pectin during the melting phase (Orr and Brady, 1993; Pressey and Avants, 1978) . Because endo-PG is encoded by a multigenic family, the relatively firmer texture of ripe NMF peaches has been suggested to be the result of deletion or mutation of one or more of the members resulting in virtually no endo-PG activity (Callahan et al., 2004; Lester et al., 1994 Lester et al., , 1996 Pressey and Avants, 1978) . However, quantitative correlation between the flesh firmness and the levels of the endo-PG polypeptide has not been demonstrated (Morgutti et al., 2006) . Exo-PG (EC 3.2.1.67) removes monomer units from the non-reducing end of the pectin chain and its activity increases only after extensive fruit softening for MF peaches (Downs and Brady, 1990; Orr and Brady, 1993) . Exo-PG activity can be similar or higher in NMF than in MF peaches; thus, the contribution of exo-PG to texture changes during ripening of NMF peaches is also not clear (Manganaris et al., 2006; Avants, 1973, 1978) .
Before the initiation of PG-mediated pectin degradation, de-methylesterification by PME (EC 3.1.1.11) is required (Fischer and Bennett, 1991) . PME activity has been shown to increase sharply at an early stage of peach ripening and remains constant or decreases throughout the melting phase in MF cultivars (Brummell et al., 2004; Glover and Brady, 1995) . PME activity of NMF 'Andross' peaches was reported to be significantly lower than that of MF 'Caldesi 2000' before and after ripening (Manganaris et al., 2006) . Therefore, PME activity may be related to softening of peaches more directly than endo-PG activity.
In this study, physiological and biochemical properties of MF and NMF peaches harvested during the commercial harvest period were evaluated. The objectives included 1) to determine the postharvest respiration rate and ethylene production of MF and NMF peach cultivars at various maturity stages during storage at 20°C; 2) to quantify the qualities of the fruit objectively after postharvest ripening at 20°C for 5 d; and, 3) to investigate the relationship between PG, PME, and softening of MF and NMF cultivars.
Materials and Methods

Plant materials
In 2008 and 2009, two MF cultivars, Flordaprince and TropicBeauty, and two NMF cultivars, Gulfking and UFSun, were selected from the peach collection at the University of Florida Plant Science Research & Education Center at Citra, FL. A group of 100 fruit from four trees for each cultivar were tagged after fruit thinning and natural fruit drop. These fruit were randomly selected and considered to be representative of the population of each cultivar. During later stages of fruit development, as the fruit approached full size, the tagged fruit were monitored visually for changes in skin ground color (GC). When the skin GC of 50% of the tagged fruit changed from green to yellow, the skin GC (CIE L*, a*, and b* values) of all 100 tagged fruit was objectively measured using a reflectance colorimeter (Minolta CR-400; Konica Minolta, Japan). Ground color was measured on the least advanced color portion of the skin, avoiding areas with red blush. The CIE a* value (GCa*) was taken as representative of the degree of ripening (Delwiche and Baumgardner, 1985) . Three fruit per tree (12 fruit per cultivar) with GCa* that was within 1 SD of the 100 tagged fruit were harvested (average initial GCa* = 14) and ripened at 20°C for 5 d.
In a separate experiment, nine fruit/cultivar at more advanced ripeness stages (average initial GCa* = 19) were collected and divided into three replications after ripening at 20°C for 5 d in 2007 and 2010 to investigate the PG and PME activities. Peach mesocarp tissue with the skin attached was collected after firmness measurements. The mesocarp tissue was diced and stored at -30°C until enzyme analyses were conducted.
Ethylene production and respiration rate determination
In 2008, respiration rate (CO 2 production) and ethylene production were monitored in a static system consisting of 550-mL glass containers with airtight lids containing individual fruit that were sealed for 0.5 h before headspace gas samples were withdrawn for gas chromatograph (GC) injection. The CO 2 was determined by injecting a 1-mL sample into a Gow-Mac gas chromatograph (Series 580, Bridgewater, NJ) using a thermal conductivity detector (TCD) with a molecular sieve column. The carrier gas (helium) flow rate was 30 mLÁmin -1
. The detector and injector were operated under ambient conditions (25°C) and the oven was at 40°C. Ethylene was measured by injecting a 0.5-mL sample into a Tracor gas chromatograph (Tremetrics, Austin, TX) with a photoionization detector and activated alumina column. The carrier gas (helium) flow rate was 40 mLÁmin -1
. The detector and injector were operated at 100°C and the oven was at 50°C. Certified gas standards (1.02% CO 2 and 1.0 ppm ethylene) were used to determine the concentrations of CO 2 and ethylene. Measured concentrations of CO 2 and ethylene were converted into rates of production by calculation based on the mass of fruit in a jar, the void volume, and the duration of sealing. Respiration rate and ethylene production were monitored everyday for 5 d at 20°C.
In 2009, an ETH-1010 Postharvest Gas Sensor (Model CI-900; Fluid Analytics, Inc., West Linn, OR) was used to measure respiration rate and ethylene production. This instrument uses a proprietary nanoporous, electrochemical sensor with a gold electrocatalyst. Ethylene concentration was measured with a resolution of 0.010 ppm and CO 2 concentration was measured with a resolution of 0.1%. To obtain the most accurate measurement of CO 2 in the headspace, the incubation time (in seconds) was recorded immediately when the concentration increased 0.1% above the initial reading. Fruit were sealed in a 2.735-L Plexiglas container connected to the gas sensor through two Tygon tubes. After measuring each sample, the tubes were disconnected from the container, flushed with air, and connected to the next container. To minimize handling time and better control during the incubation period, the number of containers was reduced by sealing two fruit with matching ground color in one container. Fruit that had no matching counterpart were sealed individually.
Quality analysis
Skin ground color and flesh color determination. Skin ground color (GCa*) and flesh color (FCa*) were objectively measured using a reflectance colorimeter (Minolta) and expressed as CIE a* values (green-red) because a* value changes the most compared with other spectral parameters with increasing maturation and ripening of peaches (Delwiche and Baumgardner, 1985) both in the skin and the flesh (Fuleki and Cook, 1976; Kader et al., 1982; Robertson et al., 1991) . Ground color was measured on the least advanced color portion of the skin, avoiding areas with red blush. Flesh color was measured after removing a small (circa 2 cm diameter) patch of skin.
Flesh firmness determination. Flesh firmness was measured with an Instron Universal Testing Instrument (Model 4411-C8009, Canton, MA) with which a compressive force from a 50-kg load cell was applied. A convex tip probe (Magness-Taylor type), 7.9 mm in diameter, was attached to the load cell moving at a speed of 12 cmÁmin -1 . Flesh firmness was measured at the fruit equator on opposite sides, on the cheeks, without skin, and expressed as the bioyield force (N). After color and firmness measurements, fruit samples were placed in quart-sized (17.7 cm · 20.3 cm), zipper-locking plastic freezer bags and stored at -30°C for later compositional analyses.
Soluble solids content, titratable acidity, and pH. Frozen tissues (%100 g) were partly thawed and pureed in a Waring blender for 1 min. The resulting slurry was centrifuged (20 min; 15,000 · g n ; 4°C) and the clear supernatant was used to determine SSC and TA. The SSC was measured with a temperaturecompensated digital ABBE refractometer (Model Mark II; Cambridge Instruments Inc, Buffalo, NY) and expressed as percent fresh weight. The TA was determined with an automatic titrimeter (Model 719; S. Titrino, Metrohm, Switzerland) by titration of 6.0 g of juice plus 50 mL of water with 0.1 N sodium hydroxide solution until pH 8.2 was reached and the TA was expressed as percent malic acid equivalents.
Polygalacturonase and pectin methylesterase assays
Preparation of cell-free protein extract. Enzyme extracts were prepared similarly to the avocado method of Jeong et al. (2002) .
Partially thawed mesocarp tissue (15 g) was homogenized with 25 mL of ice-cold 95% ethanol for 1 min in an Omni Mixer homogenizer (Model GLH-01; Omni International, Kennesaw, GA) and centrifuged at 15,000 · g n for 10 min at 4°C. The supernatant was discarded and the pellets were resuspended in 25 mL of ice-cold 80% ethanol for 1 min and centrifuged again at 15,000 · g n for 10 min at 4°C. The pellets were transferred to 10 mL of 50 mM Na-acetate buffer, pH 5, containing 0.5 M NaCl, for 30 min in an ice-cold water bath followed by centrifugation 15,000 · g n for 10 min at 4°C. The resulting supernatant was analyzed for PG and PME activities. Total soluble protein in the supernatant was measured using the bicinchoninic acid method with bovine serum albumin as the standard (Smith et al., 1985) .
Polygalacturonase activity. The endo-PG and exo-PG activities in peaches were differentiated based on the pH optima as reported by Pressey and Avants (1973) . Endo-PG activity was assayed by mixing 250 mL of cell-free protein extract with 250 mL of 0.5% polygalacturonic acid (from orange peel; Sigma Chemical Co., St. Louis, MO) in 50 mM Naacetate buffer (pH 4.4) and incubated at 30°C for 16 h (Brummell et al., 2004) . For measurement of exo-PG activity, 250 mL of enzyme extract was mixed with 250 mL of 0.5% polygalacturonic acid in 50 mM Na acetate buffer (pH 5.5) containing 2 mM CaCl 2 and incubated at 30°C for 16 h (Zhou et al., 2000) . Uronic acid reducing groups released were measured using the method of Milner and Avigad (1967) with mono-D-galacturonic acid as the standard. One unit of activity was defined as 1 mmol galacturonic acid/kg/ protein/s.
Pectin methylesterase activity. PME activity was measured using modifications of the method of Jeong et al. (2002) . A 1% (w/v) solution of 93% esterified citrus pectin (Sigma) was prepared in 0.1 M NaCl and adjusted to pH 7.5 with dilute NaOH. A 0.01% solution of bromothymol blue was prepared in 0.003 M potassium phosphate buffer, pH 7.5. A 166-mL volume of 1% citrus pectin was mixed with 12 mL of 0.01% bromothymol blue and 70 mL of water and the pH adjusted to 7.5 with dilute NaOH. The reaction was initiated by adding 6 mL of the cell-free protein extract that had been adjusted to pH 7.5 with dilute NaOH. The decrease in A 620 over a 10-min reaction time was recorded and PME activity was expressed as DA 620 kg/protein/s.
Statistical analysis
The General Linear Model program of the Statistical Analysis System (SAS) (SAS Institute, Cary, NC) was used to detect significant differences among the maturity groups (MGs) (Figs. 1 and 2 ) or cultivars (Tables 1  and 2 ) at the 5% level. Tukey's test was used for mean separation. Because there were no significance differences after ripening among the MGs for most of the qualities listed in Table 1 , the data were combined for analysis. The t test was used to compare qualities between 2008 and 2009. The flesh firmness and enzyme activities listed in Table 2 were presented as averages of the two seasons as a result of no significant differences being detected between the seasons.
Results and Discussion
Respiration and ethylene production In 2008 and 2009, fruit from all the MGs of both MF 'Flordaprince' and MF 'TropicBeauty' were preclimacteric at the time of harvest as shown by increasing ethylene production and respiration rate measured after harvest (Figs. 1A-1D and 2A-2D) . The ethylene production measured at harvest indicates that the MF cultivars only required low levels of ethylene to initiate ripening, because the fruit were apparently producing minimal amounts of ethylene on the tree. Fruit from different MGs were generally not significantly different in ethylene production and respiration rate for both MF cultivars, indicating that most of fruit had reached physiological maturity at the time of harvest. The ethylene production rates at harvest and during ripening at 20°C in 2008 for 'TropicBeauty' from the most mature to the least mature fruit were similar to values reported by Brovelli et al. (1998) for that cultivar. Although respiration rates during ripening for 'TropicBeauty' in both 2008 and 2009 were higher than previously reported values, the trends were comparable (Brovelli et al., 1999a) .
The NMF cultivars generally had higher peak rates of ethylene production than the MF cultivars during ripening, confirming that the NMF trait in peaches is not related to low ethylene production (Brovelli et al., 1999a (Brovelli et al., , 1999b Manganaris et al., 2006) . For NMF 'UFSun', fruit with GCa* values of 10 to 15 and 20 to 25 were postclimacteric at the time of harvest in 2008, indicating that fruit from the more advanced MGs were undergoing the climacteric on the tree before harvest (Fig. 1E) . In contrast, a trend of increasing (i.e., climacteric) ethylene production was observed in 2009 for 'UFSun' fruit on being placed in storage (Fig. 1F ). This suggests that there was a difference in harvest maturity between 'UFSun' fruit in 2008 and 2009. For NMF 'Gulfking' peaches, ethylene production was postclimacteric in fruit of GCa* 20 to 25 in 2008, but none of the MGs were postclimacteric in 2009 (Fig. 1G-1H) . However, the respiration peaks of fruit with GCa* of 20 to 25 occurred 1 and 2 d in advance compared with that of fruit from the lower MGs in 2008 and 2009, respectively (Fig. 2G-2H ).
Therefore, 'Gulfking' fruit with GCa* 20 to 25 reached the postclimacteric stage during storage.
Quality analysis
Skin ground color (GCa*) increased markedly during 5 d of storage at 20°C (Table 1 ; P # 0.05). In peaches, the increase in a* denotes an increase in carotenoid pigments and a loss of green color that is related to the disappearance of chlorophyll (Ferrer et al., 2005; Madrid et al., 2000) . The initial GCa* and final GCa* of 'TropicBeauty' peaches were the lowest among all the cultivars in both 2008 and 2009 (P # 0.05), indicating that this MF cultivar generally has less carotenoid accumulation in the skin than the other cultivars that were included in this study. MF 'Flordaprince' had the lowest FCa* compared with the other cultivars (P # 0.05), reflecting the fact that its mesocarp is more yellow than orange compared with the other cultivars.
It has been reported that MF peaches at the eating ripe stage should be close to 13 N flesh firmness, 0.5% to 0.8% TA, and at least 10% SSC or SSC/TA 15 or greater for best eating quality (Malakou and Nanos, 2005; Robertson et al., 1990) . Currently, no criteria for minimum eating quality have been defined for NMF peaches, although it is known that a ripe NMF fruit may soften to %16 N in firmness (Lurie and Crisosto, 2005) . The MF peaches in this study became extremely soft during storage (flesh firmness less than 4 N) and the NMF peaches retained greater flesh firmness for longer than the MF peaches. Both NMF cultivars maintained flesh firmness greater than 12 N after ripening for 5 d at 20°C.
A SSC/TA ratio 15 or greater was consistently observed in all the cultivars in this study ( Table 1 ), suggesting that all four of the cultivars would be perceived as having desirable sensory quality. MF 'TropicBeauty' had the highest SSC in the 2 years of this study (12.55% to 12.80%; P # 0.05). Interestingly, although the higher SSC of 'TropicBeauty' was somewhat balanced by higher TA, the lower SSC of the NMF cultivars was greatly offset by lower TA, resulting in higher SSC/TA values than either MF cultivar (Table 1 ; P # 0.05). Brovelli et al. (1999b) reported that there were no clear distinctions between the sensory aspects of MF and NMF peaches except texture after normal ripening. Because TA was significantly different between the MF and NMF cultivars in this study, TA could also be a major factor influencing the sensory aspects of peaches. Consumers reportedly prefer low-acid over high-acid cultivars regardless of fruit maturity (Iglesias and Echeverria, 2009 ). Therefore, consumers may perceive NMF 'Gulfking' most favorably among the cultivars studied because it consistently had relatively high SSC/TA as a result of it having the lowest TA over the two seasons. The MF cultivars consistently had lower pH than the NMF cultivars after ripening. It has been shown that pH can sometimes relate better to sourness perception . MF = melting flesh; NMF = non-melting flesh; GCa* = skin ground color a* value; FCa* = flesh color a* value; SSC = soluble solids content; TA = titratable acidity. than TA in mangoes (Malundo et al., 2001) . Hence, the MF cultivars might be expected to be perceived as more sour than the NMF cultivars.
Polygalacturonase and pectin methylesterase assays MF 'TropicBeauty' had the highest level of endo-PG activity among the four cultivars after being stored at 20°C for 5 d (Table 2) . The endo-PG activity of NMF 'UFSun' and NMF 'Gulfking' was no different from that of the MF 'Flordaprince' (Table 2) , but the firmness values of the NMF cultivars were approximately five times greater than for MF 'Flordaprince' (Table 2) . Because MF and NMF cultivars can have similar endo-PG activities, lack of endo-PG mRNA accumulation of NMF peaches may not fully explain their delayed softening characteristics as suggested by Callahan et al. (2004) . Rather, our results confirm the report of Morgutti et al., (2006) , who observed that although NMF 'OroA' peaches showed barely detectable accumulation of endo-PG polypeptide and MF 'Bolero' showed much higher endo-PG accumulation, the two cultivars had essentially the same flesh firmness (46 N). It may also be possible that the standard firmness measurement procedure using a MagnessTaylor type probe, which was developed for MF peaches, does not accurately measure the different texture of NMF peaches.
Fruit of the NMF cultivars were not characterized by higher exo-PG activities compared with the MF cultivars after storage (Table  2 ). This contrasts with the report of Manganaris et al. (2006) who reported higher exo-PG activity in NMF 'Andross' peaches than in MF 'Caldesi 2000' nectarines. Exo-PG activities of the four cultivars at full ripeness stage were not found to be significantly different in our study. Therefore, exo-PG activity may not be a particularly robust indicator for characterization of different peach fruit textures.
The PME activity of the NMF peaches was generally lower than that of the MF peaches after storage (Table 2 ; P # 0.05), which is in agreement with the results of Manganaris et al. (2006) . The lower PME activity of the NMF peaches could limit the generation of substrate for endo-PG because de-methylesterification is a prelude to PGmediated pectin disassembly (Muramatsu et al., 2004; Wakabayashi et al., 2000) . Hence, the level of PME activity may be more directly related to the flesh firmness of the peach fruit during ripening than the endo-PG activity.
Conclusion
Texture was significantly different in all four seasons and TA was significantly different in both seasons that it was measured between the MF and NMF cultivars after ripening for 5 d at 20°C. The NMF cultivars retained greater flesh firmness than the MF cultivars after ripening. Delaying harvesting of the NMF peaches until GCa* 5 to 10 for 'UFSun' and GCa* 15 to 20 for 'Gulfking' were achieved and would allow tree-ripe fruit to be marketed while avoiding fruit that would quickly become postclimacteric during storage. The MF peaches in our study could be perceived as more acidic than the NMF peaches after ripening as a result of their higher TA and lower pH. Because the MF peaches became extremely soft during ripening, delaying their harvest to obtain lower TA for higher consumer acceptance might not be possible. Finally, neither endo-PG nor exo-PG activities showed a quantitative relationship with the flesh firmness of peaches during ripening. The level of PME activity appears to be more directly related to degree of softening in peaches, probably by regulating the availability of substrate for endo-PG.
